We describe flux tube interchange motion in a corotating magnetosphere, adopting a Hamiltonian formulation that yields a very general criterion for instability. We derive expressions for field-aligned currents that reveal the effect of ionospheric conductivity on interchange motion and we calculate instability growth rates. The absence of net current into the ionosphere demonstrates the bipolar nature of interchange flow patterns. We point out that the convection shielding phenomenon in the terrestrial magnetosphere is a direct consequence of the interchange stability of the system. We conclude the paper with an extended analysis of the nature of interchange motion in the Jovian system. We argue that centrifugally driven interchange drives convection and does not give rise to diffusion of Io torus plasma. Neither a large-scale convection nor other forms of unstable interchange overturning appear adequate to explain the plasma distributions detected at Jupiter.
INTRODUCTION
Steady interchange motion (convection or circulation) of the plasma explains much of the known morphology of the terrestrial magnetosphere (see, for example, Cowley [1980] ) and is believed to govern transport in other magnetospheres. Interchange motions can be split into two classes, driven and spontaneous. In the latter case, the system is interchange unstable (see, for example, Southwood and Kivelson [1987] ). Gold [1959] first suggested that the terrestrial magnetosphere was interchange unstable, but Nakada et al. [1965] and many subsequent studies showed that the energetic particle population is stable to interchange instability. The cold (plasmaspheric) population can be unstable in the outer magnetosphere [Lemaire, 1974]. However, global terrestrial interchange motions have to be driven by momentum transfer from the solar wind.
In Jupiter's magnetosphere, the moon, Io, is a substantial source of plasma deep within the magnetosphere which, by continuity, must be transported away, probably outward, ultimately into the solar wind. Transport has been proposed to be through large-scale convection I-cf. Hill and Liu, 1987] or a small-scale turbulent interchange causing diffusion [e.g., Siscoe et al., 1981] . In the regions where the magnetic field energy greatly exceeds the internal plasma energy, the centrifugal energy associated with corotation, or the gravitational energy of the plasma, any such motions will be of interchange form and likely to be spontaneously driven.
In this paper we derive general formulae associated with interchange motions and point out some unifying features of interchange processes. We give general expressions for the field-aligned current associated with interchange motions. We use these to examine the effect of the ionosphere on interchange instability, to illustrate the relation between stable interchange configurations and the occurrence of the convection shielding phenomenon, to discuss the evolution of interchange instability and to analyze the structure and development of spontaneous interchange motions. We close with a critique of work on the Jovian problem.
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The dominant forces in interchange motions vary from one case to another. The plasma pressure gradient forces are dominant in interchange in the terrestrial ring current. In the inner terrestrial magnetosphere, within the plasmasphere, gravity and centrifugal force associated with the Earth's rotation can be important (see, for example, Lernaire [1974] ). In the Jovian magnetosphere, gravitational and centrifugal forces are also important [Southwood and Kivelson, 1987] . Our approach subsumes all these forces.
We shall, however, ignore the effects associated with the Coriolis force in a rotating system (see, for example, Hill [1984] ). Coriolis forces can arise in interchange in a rotating system but are negligible when the ambient magnetic field and planetary ionospheric conductivity are sufficiently strong to impose close to rigid corotation.
Often work on interchange instability has ignored the ionosphere [e.g., Southwood and Kivelson, 1987 ]. As we shall show, the ionosphere has no influence on the onset of interchange motion; thus stability criteria derived in works such as that of• Southwood and Kivelson are unmodified. The ionosphere acts as a frictional drag on motion in the magnetosphere [Dungey, 1968] , and it follows that one expects it to control the speed of interchange motions. Here we show that both the growth/ damping rate of unstable/stable interchange flow perturbations and the equilibrium velocity of a steady flow are inversely proportional to the ionospheric conductivity. In cases where the system is unstable and a turbulent spectrum of interchange motions develops, the form of the spectrum depends strongly on whether the free energy goes into plasma inertia or into frictional dissipation [cf. Hassam et al., 1986 ].
FIELD-ALIGNED CURRENT AND INTERCHANGE MOTION
Continuity of current governs interchange flow patterns in a magnetospheric system [Fejer, 1964; Swift, 1967a, b; Vasyiiunas, 1970 ]. In the ionosphere, current flow is directly related to the electric field [Wolf, 1974] , which is quasi-static and also present in the magnetosphere. The two regions are coupled by the field-aligned current fed into the ionosphere, div I = jll sin Z
where I is the height-integrated horizontal ionospheric current and ;• is the inclination of the magnetic field to the horizontal.
The field-aligned current, J ll, acts as a source for the iono- [Stern, 1967] , which are constant on field lines and provide a two-dimensional spatial coordinate system transverse to B. They are related to the magnetic field by
The coordinates are a canonical set and the system can be described by a Hamiltonian as long as drifts of second order in the electric field are ignored [Northrop and Teller, 1960] . The Hamiltonian of a particle of mass rn and charge q can be 
where s is the coordinate along the field line, the canonical coordinates at s are %, and tim, ep and W are the electric and gravitational potentials, respectively, t• is the magnetic moment per unit mass, and vii = v ß BIB. In a rotating system, the potential, W, can include a centrifugal potential r2f•2/2, but, as noted above, we must assume that the system is rigid enough that corotation is well maintained. Note that (5) excludes the possibility of parallel electric fields, as the electrostatic potential q> is independent of s. Field-aligned currents associated with interchange motion could themselves give rise to parallel potential drops in regions where electron mobility is inhibited. We ignore this possibility in this paper. Interchange motions take place slowly compared to particle bounce motion. Bounce-averaged equations of particle motion are given by • = (Sm) = --(1/q)(r3Km/r3fl) = --(1/q)r3K/r3fl If the integration over # and J in (16) is replaced by a similar integration over velocity space and the field line length and with some algebraic manipulation, one recovers the familiar expression given by Vasyliunas [1970] Vp. (VV x Be)=j,
where B e is the field at the equator.
Application to Stability of Interchange Motions
Let 
The effect of magnetosphere-ionosphere coupling is found by using (22) Taylor's calculations were performed for a plasma contained in a toroidal device and no obvious counterpart of the ionosphere was included in his calculations. Although our calculation specifically takes account of the ionosphere, the ionospheric parameters do not enter the conditions (28) and (29). The ionosphere has no effect on the stability condition but does control the speed with which a perturbation evolves in either stable or unstable systems, as we show next. Hill et al. [1981] is that in the regions between sink and source regions flux tube content should not vary along streamlines in outward and inward flow regimes. Steep radial gradients detected at the outer edge of the Io torus suggest that simple radial flow cannot be occurring there. Siscoe and coworkers have favored a diffusive transport model where interchange instability causes multicell convection patterns. Interchange instability could take place on a scale short compared with the region over which plasma is injected and this is likely where production rates vary little with longitude. In Figure 3 we illustrate one possibility where a short wavelength instability takes place. A similar, more sophisticated model in which departures from corotation are allowed has been presented by Summers and Siscoe [1986] .
For the pattern envisaged in Figure 3 to be maintained, perturbations with a particular wavelength should be energetically favored. Although the illustrated steady flow pattern is the result of nonlinear evolution of instability, one may compare linear growth rate calculations for perturbations of various forms. The growth rate calculated in this paper is independent of the perpendicular scale length of the perturbation, but we dropped various terms involving spatial structure in our derivation of the growth rate (e.g., see inequalities (32)-34)).
Inserting the space dependent terms in the instability calculation usually leads to a reduced growth rate. The reason is easily understood; in a short-scale perturbation, the contribution to the energy release from that fraction of the particles drifting fast enough that they move more than a wavelength in a growth time is reduced because they have spent part of the time accelerating and part decelerating. However, this situation does not apply for the Io torus as there is a more energetic population of ring current ions whose outward pressure gradient is stabilizing [Siscoe eta!., 1981] . When this is so, perturbations with wavelengths short enough that the fast particles are unaffected by the perturbation are more unstable [Richmond, 1973] tern shown in Figure 4 is a snapshot. The spatial structure of the flow pattern corresponds to a fairly random outward and inward motion with scale lengths perhaps determined solely by minor fluctuations in production rate. The streamlines would continually evolve.
Individual parcels of plasma may move inward or outward depending on their immediate surroundings, but a tube with more than average density will move outward overall, and an underpopulated tube will move in. Because we have specified a random source the motion of the fluid at any fixed point in space over a period of time is described by a diffusion coefficient. However, despite the flow field being diffusive, in the simplest picture, the motion of the cold unstable plasma is not diffusive.
The nondiffusive nature of transport in a spontaneous interchange motion is due to the correlation between flux tube content and radial velocity (proportional to E,) implied by the relation (40). The convective nature of the transport is seen by noting that tubes of enhanced content move outward and depressions inward systematically. However random the process viewed from a stationary frame, an individual ion will remain on the flux tube it started on and systematically move outward or inward according to the density on that tube. This is much as described in a rather more specific model by Pontius et al. [1986] .
The major problem of explaining the steep gradient in flux tube content at the torus outer edge thus remains even if one concludes that convection resulting from short wavelength instabilities occurs. The instability theory needs to be further refined. Diffusion can provide a satisfactory explanation if a mechanism for diffusion could be specified. What is required is the inclusion of a process that allows individual ions to be scattered from tube to tube in their motion, i.e., a violation of the frozen field condition for the cold ions. A possibility that merits further study is the inclusion of finite Larmor radius effects in the theory of unstable/spontaneous interchange motion.
SUMMARY
We have presented a unified approach to interchange problems. The most important role of interchange motion in magnetospheric physics is redistribution of plasma. We have shown that any asymmetry in plasma distribution with respect to the contours of the Hamiltonian, H, gives rise to field aligned currents. These in turn give rise to subsidiary electric fields which will modify the distribution. In a driven interchange system like that at Earth, the currents result in the shielding of high latitude motion from the inner magnetosphere. In an unstable system the currents act as the source of a convection system. The distinction between interchange stability and instability is controlled by the magnetospheric distribution without involving the ionosphere. We have derived characteristic times, the shielding time and the growth rate for the two types of interchange motion.
We have concluded with a discussion of the forms of possible interchange motions in the Jovian system. We feel it likely that the Io torus material is transported outward by a diffusive mechanism associated with unstable overturning motions powered by the inward gradient of torus density. However, we have pointed out that the simple treatments of interchange motions given here and elsewhere [e.g., Summers and Siscoe, 1985; Pontius et al., 1986 ] appear convective in nature rather than diffusive, and fundamental questions remain.
